Introduction
The Miocene glacial history of Antarctica is incompletely known and interpretations of environmental change, including expansions and contractions in glacial ice volume, rely to a considerable extent on proxy geochemical records from deep ocean ODP cores (e.g., Miller et al., 1991; Abreu and Anderson, 1998; Zachos et al., 2001; Lear et al., 2004] , among others). Although stable isotope excursions have been noted within the Early Miocene record (e.g., Miller et al., 1991 Miller et al., , 1996 , there has been little opportunity to evaluate the near-field (Antarctic margin) record of these events. A warm climatic optimum is thought to have characterized the Mid-Miocene (Mid-Miocene Climatic Optimum -MMCO (~ 17.0-14.5 Ma)), and is also reflected by the "Monterey carbon isotope excursion" (Vincent and Berger, 1985; Woodruff and Savin, 1991; Holbourn et al., 2007) . This period entailed a complex climatic optimum succeeded by a longterm climatic deterioration towards colder icehouse conditions (Flower and Kennett, 1994; Shevenell et al., 2004; Holbourn et al., 2007) . The MMCO comprises a series of maxima and minima in δ 18 O records, suggesting a complex history of ice sheet fluctuation, but no near-field, high-resolution, Antarctic stratigraphic record of this time interval has yet been documented.
The Mid-Miocene climatic transition (14.5-13.0 Ma) is regarded by some as the time of permanent establishment of the cold polar regime of today in the East Antarctic Ice Sheet (Sugden et al., 1993; Lewis et al., 2008) . Others, however, believe that warmer conditions returned in the Late Miocene through Early Pliocene, with the onset of the current "deep-freeze" regime only in the Late Pliocene (Webb et al., 1984 ; and see review by Barrett, 1996) . Recovery of an expanded Miocene and younger stratigraphic archive from the Antarctic continental margin is therefore a high priority for current research efforts.
Much recent effort has been devoted to recovering core archives of Cenozoic paleoenvironmental change from the McMurdo Sound region of Antarctica. This area has been an attrac-tive target for core drilling because it overlies a rift basin with a > 3 km thick Cenozoic succession and because it is adjacent to the major Antarctic research bases of the USA (McMurdo Station) and New Zealand (Scott Base). The Victoria Land Basin (VLB) is one of three major sub-basins of the West Antarctic Rift system, a failed Cenozoic rift (Cooper et al., 1987) . Initially land-based, shallow coring programs in the region (Dry Valleys Drilling Program, Eastern Taylor Valley Program) were succeeded by more ambitious and technologically advanced drilling operations based on fast sea-ice platforms (CIROS-1 and -2, MSSTS-1, and Cape Roberts Project -1, -2/2A and -3; Barrett, 1986 Barrett, , 1989 Barrett, , 2009 Barrett and Hambrey, 1992) . The latest generation of drilling programs has taken place in the past 5 years under the auspices of the ANDRILL Program: http://www. andrill.org. Also, integration of drilling records with an extensive array of seismic reflection data has allowed division of the VLB stratigraphy into a series of age-constrained tectono-stratigraphic units reflecting discrete phases of basin-forming activity. The principal phases are 1) Early Rift (34-29 Ma), 2) Main Rift (29-24 Ma), 3) Passive Thermal Subsidence (24-13 Ma), and 4) Renewed Rifting (Terror Rift: 13 Ma to present) (Fielding et al., 2006 (Fielding et al., , 2008a Henrys et al., 2007) .
The ANDRILL Program drilled its second hole (AND-2A) in October-November, 2007 , during the coring phase of the Southern McMurdo Sound Project (SMS: Figure 1 ). Drilling was conducted from a fast sea-ice platform, using a custom-built drilling system that permitted the recovery of a sediment and rock core to 1138.54 meters below sea floor (mbsf) with 98% recovery . Geochronological data, specifically a suite of Ar-Ar isotope ages, Sr isotope stratigraphy, biostratigraphic data from diatoms and foraminifera, and magnetostratigraphy, indicate that the core extends back to ~ 20 Ma, with an expanded record of the interval 20-14.2 Ma and a more fragmentary record of the interval 14.2-0 Ma (Acton et al., 2008; Di Vincenzo et al., 2010; SMS Science Team, 2010, Figure 2 ). The AND-2A core therefore fills a gap in understanding between the latest Eocene to Early Miocene (34-17 Ma) captured by the Cape Roberts Project in the 1990's (Barrett, 2007) and the younger section (14-0 Ma) intersected by the first ANDRILL hole (AND-1B) recovered during the McMurdo Ice Shelf Project (MIS: Figure 1 ; Naish et al., 2007) .
A facies analysis and preliminary stratigraphic analysis of the AND-2A core is documented in Harwood et al. (2008) , and a more detailed treatment of lithofacies and interpreted environments of deposition, proximity of glacial ice to the drillsite, and glacial thermal regime is given by Passchier et al. (in press) . In the present paper, we build on this framework and describe a sequence stratigraphic analysis of the core drawing on existing stratigraphic models derived from the VLB succession. We interpret stratigraphic patterns in terms of long-term variability in climate, ice margin oscillations, and relative sealevel. We show changes in the stratal stacking patterns within and among genetic sequences through time, and relate these to climatic events including some inferred previously from studies of deep sea cores. A major outcome of this work is a record of dynamic climate fluctuation throughout the time interval 20-14.5 Ma, including a record of periods considerably warmer than present. Summary graphic log of the AND-2A (SMS) core, showing the initial age model, division of the succession into high-frequency (fourth-to fifth-order) sequences, the inferred most ice-proximal and least ice-proximal facies in each sequence, sequence thickness, the global eustatic sea-level curve of Kominz et al. (2008) . The AND-2A core is divided into a succession of thirteen composite (third-order) sequences (reflecting major changes in these and other parameters (see Table 3 and text for discussion)). Age ranges are modified after SMS Science Team (2010). Lithology codes: Olive gray -mudrock, yellow -sandstone, bluediamictite, orange -conglomerate/breccia. Depth in meters below sea floor.
Lithologies and sequence definition
The AND-2A core preserves a variety of terrigenous clastic lithologies, ranging from claystone, through siltstone and sandstone to conglomerate, breccia and diamictite (Figure 2 ). Absolute ages have been obtained from first-cycle volcanic components by the Ar-Ar method (Di Vincenzo et al., 2010) . Thirteen recurring facies have been recognized and interpreted in terms of depositional environments ranging from minimally ice-influenced, shallow marine settings, through ice-contact proglacial and glacimarine, to possibly subglacial environments (Table 1) . Some mudrocks in particular (Facies 1: Table 1 ) lack dispersed gravel, are richly fossiliferous (marine mollusks, polychaetes, foraminifera and marine diatoms) and extensively and diversely bioturbated, suggesting times of minimal ice influence. Some diamictites show extensive boxwork veining, brecciation, shear and rotation fabrics suggesting that the drillsite was covered by grounded ice at times (Facies 7/8: Table 1 ). The entire section, including the nearsurface, shows evidence of deposition in shelf water depths (10-100 m: Table 1 ; Taviani et al., 2008; Fielding et al., 2008b) . Detailed descriptions and process/environmental interpretations of these facies are given by Passchier et al. (in press) .
A repetitive vertical stacking pattern of lithofacies (Table 1; Figure 3 ; Figure 4 ) in the SMS core was observed, allowing the division of the succession into sequences (in the Vail-EXXON sense: cf. Catuneanu et al., 2009 ). In the idealized form of a complete sequence (Figure 5 ), the base of each sequence (the sequence boundary) is defined at a point where there is an abrupt upward transition from finer-to coarser-grained lithology. Lithologies immediately overlying the sequence boundary are commonly the coarsest-grained in the sequence. Typically, the sequence boundary lies at the base of a diamictite unit but in a few cases the base is recorded by another coarse-grained lithology. The upper portion of the diamictite body in places is interbedded with conglomerate and sandstone and fines upward through sandstones into mudrocks, typically with dispersed gravel. Overlying these facies are the finest-grained facies in the sequence, typically, fine-grained siltstones that are lacking in any gravel, are bioturbated and often contain marine invertebrate shells. Mudrocks coarsen upward into a sandstonedominated interval showing extensive preservation of current and wave-generated sedimentary structures, and this section is then abruptly (in many cases, erosionally/irregularly) truncated by the next sequence boundary. Overall, thicker and more complete cycles (sequences) were noted from the lower part of the core, becoming thinner and less complete upward (with some notable exceptions). An idealized form of the complete sequence is presented as Figure 5 .
The interpretation of sequences in this near-ice, glacimarine context is based on a sequence stratigraphic model first proposed by Fielding et al., (1998 Fielding et al., ( , 2000 and modified by Dunbar et al. (2008) for the Cape Roberts Project cores further north and also on the VLB margin (Figure 1 ). In this model, repetitive stratal stacking patterns are interpreted in terms of advances and retreats of glaciers into and out of the basin, with attendant relative sea-level changes. Dunbar et al. (2008) used mud content of core samples as a proxy for wave-induced bed shear stress which, for a given wave climate, is proportional to water depth (Dunbar and Barrett, 2005) , and inferred ranges of paleobathymetric variation of the order of tens of meters within sequences defined on the basis of facies changes. The premise that underpins this model is that the facies indicating ice-minimal conditions invariably are also those indicating deepest water environments of formation, and viceversa, suggesting eustatic sea-level fluctuation exerted a fundamental control on the glacimarine stratigraphic record of the VLB. This approach has been found to be useful for characterizing the repetitive stratigraphic sections recovered from more recent VLB cores (e.g., Naish et al., 2008 Naish et al., , 2009 McKay et al., 2009 ). The general observation that Cenozoic stratigraphic successions in the VLB show clear cyclicity with predictable vertical arrangements of facies, becoming less so inboard towards the present coastline and onshore (e.g., McGinnis, 1981; Fielding et al., in press ), suggests that a coherent record of sea-level fluctuation is preserved in the high-accommodation setting of the VLB. Dunbar et al. (2008) .
Facies
Description Interpretation 1 Diatomite, opal-bearing or calcareous, fossil-rich mudstone, typically Open marine shelfal conditions (60-100 m water depth), intensively and diversely bioturbated, little if any dispersed gravel minimal ice influence 2
Siltstone to very fine-grained sandstone, intensively and diversely Open marine shelfal conditions (60-100 m water depth), bioturbated, dispersed small gravel and calcareous fossils, soft-sediment deposition from suspension settling, distal ice influence deformation structures 3
Interstratified siltstone and very fine-to fine-grained sandstone, Open marine to restricted coastal settings bioturbated and/or stratified with ripple-scale structures, typically (10-80 m water depth), deposition from restricted and modest intensity bioturbation, dispersed calcareous suspension settling, and gentle currents and waves, fossils, soft-sediment deformation minor ice rafting 4
Stratified, fine-to coarse-grained sandstone, dispersed to locally Open marine shoreface to upper offshore concentrated small gravel, typically well sorted, with flat lamination, (10-40 m water depth), minor ice rafting of gravel ripple cross-lamination, cross-bedding and hummocky cross-stratification, minimal bioturbation, locally fossiliferous 5
Muddy fine-grained sandstone to sandy siltstone with dispersed gravel, Open marine conditions (10-60 m water depth) typically soft-sediment-deformed or unstratified, locally fossiliferous, affected by hemipelagic fallout and supply of rarely bioturbated sediment from ice-rafting 6
Delicately stratified, interlaminated fine-and coarse-grained siltstone, Open glacimarine conditions affected by hemipelagic fine-grained sandstone and diamictite, dispersed gravel including fallout, bottom currents and ice-rafting diamictite clasts, some lamination rhythmic at sub-mm scale, soft-sediment and brittle deformation 7
Stratified diamictite, generally clast-poor, muddy to sandy matrix, Open, proximal glacimarine conditions, commonly fossiliferous in distal portions of grounding-line fans 8
Massive diamictite, clast-poor to clast-rich and typically sandy matrix, Ice-proximal glacimarine (grounding-line fan) some alignment of clast long-axes, shear structures including boxwork to subglacial environments fracturing and brecciation 9
Interbedded conglomerate and sandstone, thin units typically interbedded Ice-proximal environments in the presence of meltwater, with other coarse-grained facies, locally fossiliferous various possible depositional settings 10 Vesicular, porphyritic, and basaltic lava Primary sheet flows erupted from a proximal vent or fissure 11
Volcaniclastic breccias, monomict, composed of basaltic clasts Autobrecciation of subaerially erupted lavas in basaltic matrix 12
Pyroclastic lapilli tuff, composed of glassy juvenile clasts of Settling of pyroclasts through the water column coarse ash to lapilli size 13
Volcanic sedimentary breccias and sandstones, comprising texturally Reworking of volcaniclastic deposits in unmodified to modified juvenile volcanic clasts and grains, shallow marine waters local ripple cross-lamination Relative sea level changes in glaciated regions can be expected to record a convolution of eustatic effects created by withdrawal of sea-water to form ice during glacial intervals and subsequent melting during deglacial periods, along with isostatic, self-gravitational, and solid-earth deformational effects (e.g., Mitrovica and Vermeersen, 2002; Bamber et al., 2009; Mitrovica et al., 2009 ). The magnitude, and spatial and temporal range of isostatic and gravitational effects are expected to vary according to the lateral extent of glacial ice (for example, whether or not it extended into the basin), and its thickness distribution (Brotchie and Silvester, 1969; Andrews, 1974) . It is also likely that isostatic effects may have varied according to the thermal properties of the underlying lithosphere, and hence according to tectonic context. The study area is likely to have been characterized by a thinned and heated lithosphere during the formation of the extensional VLB, which may have dampened isostatic effects. Other processes mentioned above are also likely to have played a role in determining relative sea-level changes during glacial-nonglacial or glacial-interglacial cycles, but the net effect of these processes in combination cannot be calculated from available knowledge.
Each sequence boundary is interpreted to record a relative sea-level minimum. It is further interpreted to be a composite, time-transgressive surface in the manner now known to be typical of sequence boundaries in general, recording a perhaps protracted relative sea-level drawdown and lowstand (Catuneanu et al., 2009) . Since the sequence boundary is typically overlain by a diamictite, the sequence boundary must also record a glacial advance into the basin. Given the known capacity of grounded glaciers to erode substantial quantities of previously-deposited sediment and transport them in a basinward direction as they advance (Lønne and Syvitski, 1997; Lønne, 2001) , it is to be expected that the surface recording such an advance will be an erosional contact in locations where ice has overridden the site. For this reason, Fielding et al. (2000) coined the term "Glacial Surface of Erosion" (GSE) for such surfaces (and see Naish et al., 2009 ). In more ice-distal locations, beyond the maximum extent of glacier advance, the contact need not be erosional, however, but rather is a sharp, planar contact or even a gradational coarsening-upward contact between ice-distal and more ice-proximal facies. For this reason, we elect not to adopt the GSE terminology herein.
The position of the glacial maximum in any given sequence may not be easy to determine, depending upon whether there is any preserved evidence of subglacial deposition recording ice grounding at the site of investigation, and taking into account that the maximum ice advance may not have a stratigraphic record. In an ice-proximal depositional setting, furthermore, a number of additional influences on relative sea-level change come into play as discussed above, the net effect of which cannot be ascertained.
In VLB Cenozoic sequences, stratal stacking patterns above the basal diamictite or equivalent are typically fining-upward then coarsening-upward (interpreted as recording deepening followed by shallowing), consistent with the relative sea-level fluctuations expected from a postglacial sea-level rise superimposed on a regime of steady subsidence. This in turn suggests that gravitational and isostatic effects (both loading and unloading, the magnitude of which should be similar) could be entirely contained within the hiatal surface of the sequence boundary and in the overlying diamictite. Accordingly, the basal diamictite is interpreted as a combination of Lowstand Systems Tract (LST) and early Transgressive Systems Tract (TST) deposits ( Figure 5 ). This assumption is likely an oversimplification. Nonetheless, it is consistent with stratal stacking patterns and in the absence of a more refined model of the behavior of the Antarctic continental margin under repeated loading and unloading by glacial ice, is adopted here. An alternative model, in which the fining-upward interval is the product of flexural loading during the glacial maximum and the overlying coarsening-upward interval a consequence of subsequent, postglacial isostatic rebound, is rejected because such an interpretation is inconsistent with the distribution of glacial sedimentological indicators including the abundance of lonestones. The overlying, fining-upward interval records progressively increasing paleo-water depth, with an increasing component of hemipelagic fallout (of terrigenous clastic, biochemical, and at times volcaniclastic origin), and is less influenced by lateral transport of sediment along the seabed. This interval is also assigned to the TST. Above this, an interval of finest-grained sediment with little if any evidence of ice rafting is interpreted to represent the maximum flooding zone (MFZ) following an ice retreat or deglaciation event. The expression "Maximum Flooding Zone" is used here rather than "Maximum Flooding Surface" because it is typically not possible to recognize a single surface that records maximum marine transgression.
The succeeding coarsening-upward interval is interpreted as a Highstand Systems Tract (HST), formed when relative sea level peaked and began to drop during initiation of the next ice advance. The rate of sedimentation at this time began to exceed the rate of accommodation, and seabed transport by currents and waves facilitated the accumulation of fine-grained, texturally mature sands in deltas and other prograding, nearshore depositional systems. The sequence is capped at the contact with the overlying diamictite as advancing ice pushed proglacial debris basinward and initiated the next lowstand.
The AND-2A drillcore has been divided into a series of seventy-four sequences, from 0.92 to 93.89 m thick (Figure 3 ). Each sequence is defined on objective criteria. Specifically, each sequence contains both a coarse-grained lower interval that preserves evidence for ice-proximal conditions, and an overlying fine-grained division that contains evidence for ice-distal conditions (fine-grained Facies 1-3), not merely a parting within a coarse-grained facies unit (Figure 3) . From the available geochronological data (Acton et al., 2008; SMS Science Team, 2010) , it is likely that sequences were formed over timeframes coincident with the Milankovitch band, and can therefore be considered as high-frequency (fourth-or fifth-order of some workers: Vail et al., 1991; Catuneanu, 2006) sequences.
Each of the seventy-four sequences is bounded by a basinward shift in facies (sequence boundary), interpreted to record abrupt shallowing in paleobathymetry and in many cases (though not all), significant erosion (Figure 3 ). The top of most sequences in the AND-2A core is abrupt and erosional, although some show a continuously coarsening-upward trend into the overlying sequence (Figures 3 & 5) . Some sequences show truncation of the upper coarsening-upward section, with diamictite of the succeeding sequence abruptly overlying mudrocks or muddy sandstones (Figure 3 ). Some such sequences, particularly in the uppermost 225 m of the core, are diamictite-dominated and may be composites of two or more sequences. On the other hand, some of the thicker sequences show development of multiple coarsening-upward or interbedded mudrock/sandstone intervals that can be interpreted as parasequences within the Highstand Systems Tract.
The fact that evidence for relative sea-level drawdown within each sequence coincides with evidence for increased proximity of glaciers suggests that geodynamic effects were minor relative to eustatic effects during the accumulation of this succession (in turn suggesting that any grounded ice across the drillsite was of only modest thickness). Furthermore, the fact that cyclicity is so clearly and persistently recorded in the Miocene stratigraphy suggests that the climatic regime remained dynamic through this interval (20.2-14.5 Ma).
The younger section (<?14 Ma to present) is relatively condensed in stratigraphic thickness and overlies a major unconformity at 224.82 mbsf. The Upper Neogene section nonetheless reflects glacial cyclicity, in that fourteen sequences are preserved between 225 and 40 mbsf indicating that a dynamic ice sheet margin existed through this time. An expanded Upper Neogene section was recovered in the first ANDRILL core (AND-1B) and was found to preserve more than sixty genetic sequences similar to those described herein (Krissek et 
Vertical changes in sequence character
Changes in sequence character occur through the cored succession, and are utilized to inform interpretations of changing long-term environmental conditions (and, in the upper part of the section, changing tectonic conditions (Figure 2) ). These include: 1) variation in sequence thickness from 0.92 to 93.89 m; 2) changes in the variety and range of facies included in sequences; 3) changes in the completeness of sequences, in terms of systems tracts; 4) changes in the proportion of the sequence occupied by diamictites; and 5) changes in the character of diamictites (stratified or massive, internally deformed or not, and fossiliferous or not). While sequence thickness is likely to be in part a function of available accommodation and therefore dependent on subsidence regime, the other listed variables can be used to interpret changes in environmental conditions over geologic time periods. In general, the spectrum of sequence character in the AND-2A core is considerably more diverse than in the somewhat younger section penetrated by the AND-1B core (Krissek et 
Stratigraphic "motifs"
McKay et al. (2009) defined three stratigraphic "motifs" that account for discrete intervals of the AND-1B core. Here, we modify that concept to account for the greater range of sequence variability encountered in AND-2A (Table 2, Figure 6 ). The AND-1B core for the most part recovered strata younger than those recovered in AND-2A, and the stratigraphic motifs represent more glacially-dominated conditions than were represented in AND-2A. Figure 6 ) are primarily in the diversity and relative abundance of different facies, reflecting varying environmental conditions. Cycle thickness was not considered a diagnostic characteristic, since this is influenced by a variety of external factors, in addition to environment.
Motif 1 ( Figure 6A ) is diamictite-dominated, with a relatively minor component of other lithologies, typically mainly mudrocks. Diamictites are typically unstratified, clast-rich, contain abundant intraformational clasts and sedimentary intrusions, and many preserve jigsaw-fit breccia fabrics and/ or boxwork fracture/vein networks. Many diamictites in Motif 1 sequences also preserve rotational and other shear structures, and anomalously high bulk density/sonic velocity. The diamictites in Motif 1 sequences are interpreted to be ice-proximal, marine proglacial to subglacial deposits, formed under a dynamic climate regime that allowed repeated advance of glacial ice over the drillsite. Abundant evidence for grounded ice suggests that tidewater glaciers were grounded for considerable distances into the basin. This, together with the paucity of other facies, suggests a regime in which isostatic effects were significant, perhaps overwhelming eustatic sea-level fluctuations to produce a relatively subdued paleobathymetric curve ( Figure 6A) . A situation in which grounded ice frequently advanced across a slowly subsiding sea-floor explains the generally thin, incomplete and strongly top-truncated nature of Motif 1 sequences. A sub-polar glacial regime with minor meltwater influence is indicated by Motif 1, similar to that advocated for Motif 1 of McKay et al. (2009) .
Motif 2 ( Figure 6B ) is also diamictite-dominated but involves a somewhat greater diversity and relative thickness of non-diamictite lithologies. Diamictites show a range of properties, but less abundant shear and breccia fabrics than their Motif 1 counterparts. Some are stratified, and many are soft-sediment-deformed. In addition to mudrocks, sandstones and conglomerates occur in Motif 2 sequences (e.g., Figure 6B ). This is interpreted to reflect repeated tidewater glacial advances into the basin, with occasional grounded ice over the drillsite, producing a somewhat subdued Figure 7 ). See Figure 3D for key to symbols used. The basal sequence boundary is an abrupt contact overlain by a diamictite or other coarse-grained facies, which is interpreted to represent both a glacial maximum and a relative sea-level lowstand. This fines upward through muddy sandstones into mudrocks, recording the postglacial transgression and the Transgressive Systems Tract. Above a fine-grained, in many cases fossiliferous mudstone, which is interpreted as recording the Maximum Flooding Zone or Surface and a glacial minimum, a coarsening-upward succession of mudrocks into sandstones is interpreted to record the Highstand Systems Tract, and possibly in some cases a Forced Regressive Systems Tract heralding the onset of the next glacial advance. Variable proportions of this succession may have been removed by erosion associated with the following glacial advance and sea-level drawdown. Sequences containing thin basal diamictite or conglomerate but dominated Minimal (distal) glacial influence by sandstones and mudrocks paleobathymetric variation curve. A sub-polar glacial regime with significant meltwater influence is indicated.
Motif 3 ( Figure 6C ) is lithologically diverse, typically containing a thinner diamictite than in Motifs 1 and 2, which is also in most cases stratified and does not contain shear structures or brecciation/boxwork veining. Mudrocks, representing maximum flooding, are represented, as are more abundant sandstones, both below and above the maximum flooding interval. Greater abundance of current-and wave-generated sedimentary structures, and of bioturbation, is characteristic of Motif 3. This is interpreted to record tidewater or floating tongue glaciers advancing periodically into the basin but not often across the drillsite, producing a more unmodified paleobathymetric variation curve ( Figure 6C) . A high-latitude, temperate glacial regime is suggested, with abundant meltwater influence (presumably from wet-based glaciers).
Motif 4 is also lithologically diverse, and involves significant thickness of either sandstones (Motif 4a: Figure 6D ) or mudrocks (Motif 4b: Figure 6E ). The only designated interval of Motif 4a is Sequence 67, enclosed between thick intervals of Motif 1 diamictite-dominated sequences. The preservation of a 20 m-thick succession of stratified sandstones is, however, considered inconsistent with Motif 1, and accordingly is defined as a separate motif ( Figure 6D ). Sandstones preserve abundant and well-preserved physical sedimentary structures, including flat and lowangle lamination, with local cross-bedding and probable hummocky cross-stratification, implying wave and current working of sand on a nearshore marine sediment surface, with minimal ice influence. Motif 4b is recognized in three separate intervals, and comprises lithologically diverse sequences with typically thin, stratified diamictites overlain by mudrock-rich intervals and lesser sandstones ( Figure 6E ). Dispersed gravel is scattered throughout Motif 4b intervals, and bioturbation is both abundant and diverse. Motif 4 is interpreted to record times of glacial activity distal to the drillsite, allowing either sand deposition on an open marine shoreface (Motif 4a), or mud accumulation in more offshore marine shelf settings with intermittent supply of sand. A high-latitude, temperate glacial regime is implied with probably floating tongue glaciers that were distal to the drillsite except during glacial maxima.
Motif 5 ( Figure 6F ) describes thin, stratified or bioturbated diamictites overlain by thick intervals of mudrocks and sandstones. Dispersed gravel is relatively uncommon, while bioturbation is both diverse and widely distributed. Motif 5 is interpreted to record distal glacimarine deposition during periods of ice advance, and open marine conditions during glacial minima, giving rise to an unmodified curve of paleobathymetric variation ( Figure 6E ).
Vertical distribution of stratigraphic motifs
The seventy-four sequences are grouped into thirteen composite, lower-frequency sequences (equivalent to third-order sequences of Vail et al., 1991, Table 3) , each defined by an internally consistent stratigraphic Motif (Figure 2 ). The stratigraphic motif may be considered as a proxy for climatic regime, allowing an interpretation of coherent, long-term climate variation over the period 20.2-14.5 Ma (Composite Sequences 1-10), and a more fragmentary record for the period 14.5 to 0 Ma (Composite Sequences 11-13). The definition of these lower-frequency (higher-order) sequences will guide future discussion and provide a framework for correlation of events within and beyond the Antarctic continental margin. Given the age model (Acton et al., 2008; Di Vincenzo et al., 2010] ; SMS Science Team, 2010), it is possible to evaluate potential correlations between the AND-2A record and several major excursions identified in oxygen isotope records from the deep ocean basins for this interval of time (e.g., Miller et al., 1991 Miller et al., , 1996 . Composite Sequences 1 to 3 (~ 20.2-19.4 Ma) record an interval of mostly ice-proximal conditions in the middle Early Miocene (Figure 2 ). Within this section is an interval of ice-distal facies that denotes a time of probable warmth. Composite Sequence 2 (20.1 to ~ 20.05 Ma) is composed of five sequences all of which show thin basal diamictites and an abundance of ice-distal facies, collectively assigned to Motif 5 (Table 3 ; Figure 2 & 7) . Composite Sequence 2 is unique within the SMS core in preserving coarsening-upward parasequences of probable deltaic and estuarine origin, and is quite unlike any Neogene facies assemblage yet recovered from the Antarctic continental margin. Composite Sequences 1 and 3 record major glacial events that are unrecognized in the deep-sea O 18 records, or possibly represent temporal extensions of the Mi1a glaciation (21.8 Ma: Miller et al., 1996) . The warm interval recorded by Composite Sequence 2 is not formally recognized by Miller et al. (1996) , although one or more unnamed negative excursions in δ 18 O records may correspond to this interval.
The younger , is the thickest and most persistently fine-grained interval in the core (106 m-thick). It records a further period of relatively ice-distal conditions (Motif 4b: Table 3, Figure 2 ), though not as much so as Composite Sequence 2. Composite Sequence 5 (17.8-17.35 Ma) records an abrupt return to cold, ice-proximal conditions, and is characterized by thin sequences and limited lithological diversity. Given current geochronological constraints (Acton et al., 2008; Di Vincenzo et al., 2010; SMS Science Team, 2010) , it is likely that this interval records the Mi1b glaciation at 17.7 Ma (Miller et al., 1996) . Basement clasts from Composite Sequence 5 were found to reflect predominantly transport from the Skelton and Mulock glaciers to the south, and are interpreted by Sandroni and Talarico (2011) to record a major glaciation, potentially Mi1b.
Composite Sequence 6 (~ 17.35-17.3 Ma) comprises a single sequence that is more complete and lithologically diverse (Motif 4b: Table 3, Figure 2 ). This ice-distal interval is a little earlier than the onset of the Mid-Miocene Climatic Optimum (MMCO: cf. Holbourn et al., 2004 Holbourn et al., , 2007 in proxy records. Composite Ma) preserves another transition into iceproximal conditions. Composite Sequence 8 (16.7-16.5 Ma) preserves a further ice-distal succession (Motif 4b: Table 3 , Figure 2) , the uppermost such interval in the pre-14 Ma portion of the core. This Composite Sequence corresponds to a portion of the MMCO. Composite Sequences 6-10 collectively record basement clasts derived from a variety of sources, including the nearby Koettlitz Glacier, a pattern interpreted by Sandroni and Talarico (2011) as recording fluctuating glaciers with periods of minimal ice extension into McMurdo Sound.
Above this, Composite Sequences 9-11 (16.5-14.5 Ma, and younger) illustrate a progressive trend towards further cooling of climate and more ice-proximal conditions, including the Mi2 glaciation at 16.3-16.1 Ma (Miller et al., 1996) . However, this interval also contains a 2 m thick diatomaceous mudrock interval (312.11-310 .04 mbsf) that shows evidence of ice-minimal conditions possibly coinciding with one of the stronger negative δ 18 O excursions noted by Holbourn et al. (2004 Holbourn et al. ( , 2007 . Evidence of more ice-proximal environments includes more extensive deformation and brecciation within diamictites indicating frequent grounding events. This interval may be interpreted as recording the aftermath of the MMCO and marks the onset of long-term cooling and expansion of the Antarctic ice sheets identified as the Mid-Miocene Transition in the deep-sea oxygen isotope record (e.g., Flower and Kennett, 1993; Shevenell et al., 2004; Holbourn et al., 2007) . A major unconformity has been identified at 224.82 mbsf in the middle of Composite Sequence 11, separating Mid-Miocene strata below from a more fragmented younger succession above (Figure 2 ). The section above the unconformity is characterized by even less lithological diversity, a dominance of diamictites in sequences, and abundant deformation indicating frequent ice-grounding events. A further change into this interval is the upward disappearance of virtually all evidence of bioturbation. Composite Sequence 11 and part of 12 preserve basement clasts that include contributions from the Skelton and Mulock glaciers, interpreted by Sandroni and Talarico (2011) to represent a fragmented record of intense glacial conditions.
Composite Sequence 12 (?5.0-4.0 Ma) is similar to the section below but preserves in its upper part a substantial Transgressive/Highstand Systems Tracts interval of stratified, shoreface to inner shelf sandstones. The base of the stratified interval at 122.86 mbsf may coincide with a widely-correlated seismic stratigraphic event (Red reflector, Bclino of Fielding et al., 2008a) that is interpreted to record a Pliocene relative sea-level high at ~ 5.0-4.0 Ma. Composite Sequence 13 (< 5.0 Ma to > 750 ka), which contains inferred unconformities, represents an incomplete record of the Pliocene. It records the coldest climatic conditions in the entire core, comprising mainly massive diamictites with abundant internal deformation (Motif 1). The uppermost part of the interval preserves evidence of recent, basaltic volcanic activity proximal to the drillsite (Del Carlo et al., 2009; Di Vincenzo et al., 2010) .
Stratigraphic significance of the AND-2A core
The AND-2A core represents an important new archive of Neogene paleoclimate evolution, preserving a relatively complete record of Early and early Middle Miocene time (Intervals 1-11), and a partial record of post-14.5 Ma (Intervals 12-13) . The younger AND-1B core was recovered from the flexural moat basin that surrounds Ross Island and provides a more complete record of the post-14.0 Ma interval ). However, the latest Neogene record in the AND-2A core enhances results from earlier coring in the region, and further proves that sediment accumulated and has been preserved in locations proximal to East Antarctic glaciers post-14.0 Ma. The most detailed paleoclimatic archive in the AND-2A core, however, is of the interval 20.2-14.5 Ma. Correlations can be made between the strata penetrated, the age model for the core (Acton et al., 2008; SMS Science Team, 2010) , and published records of Antarctic paleoclimate evolution based primarily on oxygen isotope data from deep ocean drillcores. Records of the MMCO and the Mi1a, Mi1b and Mi2 glaciations (Miller et al., 1991 (Miller et al., , 1996 are likely preserved (Figure 2 ). But the AND-2A core, in addition to providing near-field ground-truth for these events, also identifies the character of other significant paleoclimatic changes that are not presently formally nominated in the literature. Foremost among these are the ice-minimum events recognized at 20.1-20.05 Ma (1040-997 mbsf: Figure 3 & 7) and 19.4-18.7 Ma (905-775 mbsf: Figure 3) . Furthermore, the AND-2A core offers new information on the manner in which paleoenvironmental change was effected, and the long-term trends in paleoclimatic change. Cyclicity on the scale of 0.5-5 myr (third-order of Vail et al., 1991) is evident from the AND-2A core in addition to the shorter-term (fourth-and fifth-order) glacial-interglacial cyclicity manifested in the sequences shown in Figure 3 and Figure 6 , which are likely in the Milankovitch band (cf. Holbourn et al., 2007) . Efforts to extract eustatic sea-level trends from this interval of time have yielded only fragmentary records with minimal detail of individual excursions (Kominz et al., 2008 , and see Figure 2 ). Records such as AND-2A have the potential to add significantly to this developing database. It is hoped that this new archive of Antarctic Neogene paleoenvironment will stimulate attempts to resolve further the complex Cenozoic history of Antarctica, and its ties into the global system.
Conclusions
The AND-2A core recovered from southern McMurdo Sound, Antarctica, shows a well-developed stratigraphic cyclicity. Seventy-four high-frequency (fourth-or fifth-order) glacimarine sequences are recognized, and grouped into thirteen composite (third-order) sequences, each of which is internally characterized by a consistent stratigraphic stacking pattern, or Stratigraphic Motif. The distribution of the six stratigraphic motifs through the core informs an interpretation of Neogene paleoenvironmental change.
The basal portion of the core (1138-901 mbsf, composite Sequences 1-3: 20.2-19.4 Ma) shows evidence of austere, glacially-dominated conditions possibly representing an extension of the Mi1a glaciation of Miller et al. (1991) , but punctuated by a period of distal ice conditions (Composite Sequence 2: 20.1-~ 20.05 Ma) that may correlate to a previously unrecognized negative isotope excursion (or major deglacial event). An overlying, mudrock-dominated stratal interval (901-775 mbsf, Composite Sequence 4: 19.4-18.7 Ma) records mainly ice-distal environments but with some evident glacial influence. A return to more ice-proximal environments is recorded in the interval 775-638 mbsf (Composite Sequence 5: 17.8-17.35 Ma), which possibly correlates to the Mi1b glaciation of Miller et al. (1991) . The overlying Composite Sequence 6 (638-607 mbsf: 17.35-17.3 Ma) records a further period of ice retreat, which may be as- sociated with the onset of the Mid-Miocene Climatic Optimum (MMCO). Composite Sequence 7 (607-471 mbsf: 17.3-16.7 Ma) records a return to glacially proximal conditions. Composite Sequence 8 (471-436 mbsf: 16.7-16.5 Ma) marks a return to ice-distal conditions and may coincide with one of the warm periods of the MMCO. Composite Sequences 9-11 (16.5-14.5 Ma, and younger) record increasingly ice-proximal and climatically austere conditions, and include the Mi2 glaciation of Miller et al. (1991 Miller et al. ( , 1996 . These composite sequences highlight the variable nature of ice sheet behavior prior to and during the MMCO and indicate that the Antarctic margin remained glaciated through much of this inferred period of peak global warmth. Above a major unconformity at 225 mbsf, a truncated and partial record of post 14.5 Ma time is composed mainly of amalgamated, iceproximal diamictite units, but includes a thick sandstone-dominated interval (part of Composite Sequence 12) that is believed to coincide with a regional Early Pliocene relative sea-level highstand at ~ 5.0-4.0 Ma.
The AND-2A core provides a hitherto unavailable, nearfield record of dynamic paleoenvironmental history through the Early to Mid-Miocene. It allows new insights into climate change through this relatively poorly known interval of Earth history. In addition to providing direct sedimentary record of events recognized previously in proxy stable isotope records from the deep-sea (such as the onset of the MMCO), it also highlights some additional, previously unrecognized warm events in the Early Miocene. Future research might be able to utilize this spectacular record towards the finer-scale resolution of Neogene paleoclimate and paleoenvironmental change.
